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Abstract
Two novel integron-borne cassettes, dfrA27 (encoding trimethoprim resistance) and aadA16 (encoding streptomycin and spectinomycin
resistance), located on a conjugative plasmid, have been found in a non-O1, non-O139 Vibrio cholera isolate. DfrA27 shares 75% amino
acid identity with DfrA5, and AadA16 shares 88% identity with AdaA6. Cloning of the cassette region and expression analysis demon-
strated that the aadA16 gene can be expressed from its own promoter sequence, which is present upstream of the aadA16 cassette.
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Introduction
Integrons are genetic elements that are capable of integrating
and mobilizing gene cassettes by site-speciﬁc recombination.
These elements comprise an integrase gene (intI), a recombi-
nation site (attI), and a promoter (Pc) that drives the expres-
sion of the generally promoterless cassette-associated genes.
Gene cassettes are individual mobile units composed of a
gene and an integrase-speciﬁc recombination site, the 59-bp
element or attC site [1–3]. Integrons of class 1 are the most
prevalent among Gram-negative species, and cassettes in
these integrons contain genes that confer resistance to nearly
every major class of antimicrobial agent, accounting for their
signiﬁcant association with a multiresistance phenotype [4].
The most common cassette-borne genes are those for tri-
methoprim resistance, which encode a trimethoprim-resistant
dihydrofolate reductase (DHFR), replacing the trimethoprim-
sensitive DHFR [5]. Until now, 19 different cassette-borne
DHFR genes (dfr) have been identiﬁed [6]. Another family of
genes that is frequently found as cassettes in the variable
regions of integrons encode aminoglycoside-3¢¢-ade-
nylytransferases (AADs), which confer streptomycin and
spectinomycin resistance by adenylation of the 3¢¢-OH posi-
tion of streptomycin and the 9-OH position of spectinomycin
[7]. So far, at least 18 members of the aadA gene family have
been described in Gram-negative bacteria. Except for aadA14
[8], all variants can be detected on gene cassettes of class 1
integrons. In non-O1, non-O139 Vibrio cholerae strains, vari-
ous dfrA or aadA cassette genes have also been detected as
part of integrons [9,10]. In this study, we describe two novel
gene cassettes, dfrA27 and aadA16, located in a class 1 integ-
ron of a non-O1, non-O139 V. cholerae isolate, RJ354.
Materials and Methods
Bacterial strains and antimicrobial susceptibility
RJ354 was isolated from the blood specimen of a haemodyli-
sis patient in Ruijin Hospital, Shanghai Jiaotong University
School of Medicine. Escherichia coli J53Azr (sodium azide-
resistant) was used as a recipient during conjugation, and
E. coli DH5a was used as a recipient during transformation.
MICs of rifampin, trimethoprim, streptomycin and spectino-
mycin were determined by the Etest method according to
the manufacturer’s guidelines (AB Biodisk, Solna, Sweden).
Plasmid analysis and conjugation experiments
The conjugation experiment was performed by mixing the
donor, RJ354, and the recipient strain, J53Azr. Mating mix-
tures were plated onto Luria–Bertani (LB) agar supple-
mented with trimethoprim (30 mg/L) and sodium azide
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(100 mg/L). Plasmid DNA was prepared from donor and
transconjugant using an alkaline lysis method.
PCR detection of gene cassettes and sequencing
The class 1 integrons in both RJ354 and its transconjugant
were detected by PCR ampliﬁcation with primers speciﬁc for
the intI gene, as described previously [11]. The variable
region of the integron was ampliﬁed using PCR with primers
speciﬁc for the 5¢-conserved integron segment (5¢-CS) (integ-
ron1F, 5¢-AGCACCTTGCCGTAGAAGAACAG-3¢) and the
3¢-conserved integron segment (3¢-CS) (integron1R, 5¢-
GCGATGCCATAACCGATTATGAC-3¢) ﬂanking the gene
cassettes (Fig. 1). PCR products were detected by electro-
phoresis on agarose gels and sequenced on both strands.
Nucleotide sequences were compared with the BLAST
search program.
Cloning and gene expression experiments
The PCR amplicon of the whole variable region was cloned
directly into the pMD18-T Simple Vector (Takara, Dalian,
China), according to the manufacturer’s instructions. Subse-
quently, the ligation products were introduced into DH5a
cells by transformation, and the transformants were isolated
on LB agar supplemented with ampicillin (100 mg/L) and tri-
methoprim (30 mg/L), generating E. coli strain MD354A. To
determine whether the aadA16 gene was expressed from its
own promoter, a PCR ampliﬁcation was performed with the
primers aadAF (5¢-AAACGCAAAATGTGCCGCTGC-3¢)
and integron1R (5¢-GCGATGCCATAACCGATTATGAC-3¢),
which are speciﬁc for the aadA16 cassette (including a 102-
bp upstream sequence) (Fig. 1). The PCR product was
cloned into the pMD18-T Simple Vector in both orienta-
tions, by selecting DH5a transformants on LB agar supple-
mented with spectinomycin (30 mg/L), and subjected to
sequence analysis.
Results and Discussion
The MICs of rifampin, trimethoprim, streptomycin and spec-
tinomycin for RJ354 were >32, >32, 24 and 64 mg/L, respec-
tively. The conjugation experiment demonstrated that a large
FIG. 1. Nucleotide sequence of a 2782-bp
PCR amplicon of the class 1 integron on
pMD354A showing the arr-3, dfrA27 and aadA16
gene cassettes and parts of the 5¢-conserved and
3¢-conserved segments of the integron. The de-
duced amino acid sequences of the novel dfrA27
and aadA16 genes are shown below the nucleo-
tide sequence. The start codons of the open rea-
ding frames are indicated by horizontal arrows,
and the stop codons are indicated by asterisks.
The –35 and –10 promoter regions are under-
lined. The core sites and inverse core sites are
boxed. The 102-bp putative promoter-bearing
sequences are in bold. The primers are indicated
by grey boxes.
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plasmid (pRJ354) with an estimated size of 160 kb had been
transferred from RJ354 to J53Azr. The susceptibilities of the
transconjugant to rifampin (MIC >32 mg/L), trimethoprim
(MIC >32 mg/L), streptomycin (MIC 6 mg/L) and spectino-
mycin (MIC 24 mg/L) were similar to those of the donor,
RJ354. The presence of a class 1 integron within both RJ354
and its transconjugant was ascertained by PCR-based detec-
tion of the intI gene. Ampliﬁcation of the cassette region
revealed an amplicon of 2.8 kb. To study the phenotype con-
ferred by the gene cassettes, a clone (MD354A) carrying a
plasmid with the 2.8-kb amplicon insert was isolated on LB
agar supplemented with ampicillin and trimethoprim.
MD354A showed high resistance to rifampin (MIC >32 mg/
L), trimethoprim (MIC >32 mg/L), streptomycin (MIC 96 mg/
L) and spectinomycin (MIC >1024 mg/L). Sequence analysis
of the 2.8-kb insert revealed that the variable region of the
class 1 integron contained an array of three gene cassettes:
the arr-3 cassette (for rifampin resistance) and two novel
cassettes, dfrA27 (for trimethoprim resistance) and aadA16
(for streptomycin–spectinomycin resistance).
The ﬁrst cassette, immediately downstream of the 5¢-CS,
contained an open reading frame (ORF) of 453 bp encoding
a protein of 150 amino acids. This protein was 100% identi-
cal to the previously described rifampin ADP-ribosylating
transferase Arr-3, which confers high-level resistance to
rifampin [12]. The arr-3 cassette was identiﬁed in Gram-nega-
tive isolates from Europe and Asia [12–14]. In China, the arr-
3 gene cassette has also been described in E. coli [15]. In this
study, we report the arr-3 gene cassette in non-O1, non-
O139 V. cholera.
The second cassette contained an ORF of 474 bp, poten-
tially encoding a protein of 157 amino acids, with a GTG ini-
tiation codon (Fig. 1). The amino acid sequence shared the
highest degree of amino acid homology with DfrA5 (75%
identical), DfrA14 (74% identical) and DfrA15 (74% identical).
The clone (MD354A) that contained the 474-bp ORF con-
ferred high resistance to trimethoprim, conﬁrming that this
protein has the same substrate speciﬁcity as other DfrA
enzymes; thus, the novel trimethoprim resistance gene of
the dfrA family was named dfrA27. Downstream of dfrA27, a
putative 82-bp attC site (59-bp element) was identiﬁed,
beginning with the inverse core site GGTTAAC and termi-
nating with the core site GTTAGAT. Unlike what is
observed with the attC site of other dfrA cassettes, following
a BLAST search with the 82-bp attC site sequence of the
dfrA27 cassette in the GenBank database, no homology with
any known sequence was revealed. Thus, the origin of the
dfrA27 cassette remains to be determined. Gene cassettes
play a signiﬁcant role in the resistance to trimethoprim of
Gram-negative bacteria. Currently, 20 of the 31 known dfr
genes (including the new dfrA27) have been found to be
associated with gene cassettes, and no members of these
genes have been found outside of integrons [6]. On the basis
of their amino acid sequences, the enzymes encoded by the
20 integron-borne dfr genes can be subdivided into three
groups. Group 1 enzymes, including DfrA1, DfrA5, DfrA6,
DfrA7, DfrA14, DfrA15, DfrA16, DfrA17, DfrA25 and the
new DfrA27, are 157 amino acids long and share 63–91%
identity. Group 2 enzymes, including DfrA12, DfrA13,
DfrA21 and DfrA22, are 165 amino acids long and share 82–
95% identity. Group 3 enzymes, consisting of DfrB1, DfrB2,
DfrB3, DfrB4, DfrB5 and DfrB6, are 78 amino acids long and
share 74–91% identity. This means that there are possibly
three parallel paths in the evolution of integron-borne dfr
genes.
The third cassette contained an ORF of 846 bp, poten-
tially encoding a protein of 281 amino acids, with an ATG
initiation codon (Fig. 1). This ORF showed two nucleotide
differences (giving rise to one amino acid difference) as com-
pared with the ﬁrst 804 bp of an ant(3¢¢)-Ij-aac(6¢)-Ib in-frame
gene fusion (GenBank accession number AY740681), and the
amino acid sequence encoded by this ORF also shared 88%
identity with AadA6, 87% identity with AadA11, and 81%
identity with AadA7. The recombinant clone (MD354A) that
contained this ORF showed high-level resistance to strepto-
mycin and spectinomycin, conﬁrming that this ORF is of the
aadA family. It has been named aadA16. AadA16, AadA11
and AadA6 are the only three enzymes in the AadA family
that are 281 amino acids long [16,17], most other variants of
this family being 262 or 263 amino acids in length. The nucle-
otides encoding the C-terminal end of AadA16, as well as
those of AadA11 and AadA6, overlapped the adjacent attC
site and ended within this sequence, yielding an 18 amino
acid terminal extension that is probably due to a single
nucleotide insertion at the very end of the gene resulting in
a frameshift. However, this C-terminal change in length does
not seem to affect the activity of the enzyme signiﬁcantly.
These data indicate that aadA16, aadA11 and aadA6 were
probably derived from a common ancestor. The attC site of
aadA16 was 60 bp in length, with an inverse core site,
GTCTAAC, within the 3¢-end of the aadA16 coding
sequence, and a core site, GTTAGAT. This sequence differs
at two positions from that of the attC site of aadA6, and also
has a high degree of similarity with that of most other aadA
genes.
The cassettes are typically inserted in the same orienta-
tion, and most are under the control of the common pro-
moter, Pc, located in the 5¢-CS [18]. Of the cassettes
described to date, only cmlA1 variants, qacI and a fused oxa-
10–aadA1 [19–21], contain a promoter-like sequence. In this
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study, no promoter sequences were found within the arr-3
and dfrA27 cassettes, indicating that the promoter Pc in the
5¢-CS is responsible for expression of the two genes, but for
the aadA16 cassette, a putative promoter sequence of
102 bp containing –35 (CTGCTT) and –10 (CATAAT)
motifs separated by 17 nucleotides was observed immedi-
ately upstream of the aadA16 gene (Fig. 1). This promoter-
like sequence lies in the identical ﬁrst 102 bp of the 3¢-CS of
class 1 integrons, which are always located upstream of the
qacED1 gene, and possibly acts as a promoter to drive the
expression of the qacED1/sul1 gene, which also belongs to
the 3¢-CS [22].
To determine whether the 102-bp upstream sequence can
direct the transcription of the aadA16 gene, speciﬁc PCR
ampliﬁcation of the aadA16 cassette (including the 102-bp
sequence) was performed, and the 1230-bp PCR product
was subsequently cloned into the pMD18-T Simple Vector in
both orientations. Two clones, E. coli MD354B (PCR product
inserted in the sense orientation) and E. coli MD354C (PCR
product inserted in the antisense orientation), were obtained
by selecting DH5a transformants on LB agar supplemented
with spectinomycin, and the sequence of the PCR products
was determined.
The MICs of streptomycin and spectinomycin for MD354B
were 96 and >1024 mg/L, respectively, and the MICs of
streptomycin and spectinomycin for MD354C were 24 and
1024 mg/L, respectively. Both clones showed high-level resis-
tance to streptomycin and spectinomycin, indicating that the
aadA16 gene can be expressed from its own promoter.
A BLAST search of GenBank revealed that this 102-bp
promoter-bearing sequence was also found upstream from
several cassette-associated genes other than aadA16, includ-
ing aac(6¢)-Ib-cr (GenBank accession number AY259086) [15],
aacA29a/aacA29b (GenBank accession number AY740681)
[23], ant(3¢)-Ij–aac(6¢)-Ib (GenBank accession number
AY740681) and aac(6¢)-Ib (GenBank accession number
AJ971343) (Fig. 2). Interestingly, of all these genes encode
aminoglycoside-modifying enzymes (acetyltransferases or
nucleotidyltransferases), which confer resistance to amino-
glycosides. Analysis of the promoter sequences upstream
from these aminoglycoside resistance genes revealed two
putative core sites (GTTAGAT and GTTAGAC) located on
the 5¢-end and 3¢-end boundaries, respectively. For the 102-
bp sequence upstream from qacED1 within the 3¢-CS of
class 1 integrons, the core site GTTAGAT was also
observed on the 5¢-end boundary, but the 3¢-end boundary
was a palindromic sequence, GATATATC, instead of the
core site GTTAGAC mentioned above (Fig. 2). These data
suggest that the 102-bp promoter-bearing sequence probably
plays a role in the formation of the 3¢-CS of class 1 integ-
rons and also in the evolution of some aminoglycoside resis-
tance genes, but knowledge of the origin of this sequence
and of how it moves among different genes requires further
study.
Non-O1, non-O139 V. cholerae strains are usually found in
aquatic environments, and are seldom seen to cause extra-
intestinal infections. In this study, we isolated a non-O1,
non-O139 V. cholerae strain, RJ354, causing a blood infection,
from a haemodylisis patient. Moreover, two novel integron-
borne gene cassettes, dfrA27 and aadA16, were identiﬁed on
a transferable plasmid of this strain. The distribution of
dfrA26 and aadA16 among clinical isolates is difﬁcult to pre-
dict. But soon after we deposited the sequence in GenBank,
three other sequences containing the integron-borne arr-3–
dfrA26–adA16-like cassettes and located on the plasmids of
E. coli HS1387 (also from Shanghai, China) (GenBank acces-
sion number EU675686), Klebsiella pneumoniae He96 (from
France) [24] and Kluyvera ascorbata Kas96 (from France)
[24], respectively, were released in the databases. The arr-3–
dfrA26–aadA16-like cassettes of the three sequences have
three to four nucleotide differences with those identiﬁed in
this study. On the basis of these results, the worldwide dis-
semination of the novel dfrA26 and aadA16 genes among clin-
ical isolates is expected.
Nucleotide sequence accession number
The sequence in Fig. 1 has been deposited in GenBank under
accession number EU678897.
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